Aluminum-activated malate transporters (ALMTs) form an important family of anion channels involved in fundamental physiological processes in plants. Because of their importance, the role of ALMTs in plant physiology is studied extensively. In contrast, the structural basis of their functional properties is largely unknown. This lack of information limits the understanding of the functional and physiological differences between ALMTs and their impact on anion transport in plants. This study aimed at investigating the structural organization of the transmembrane domain of the Arabidopsis (Arabidopsis thaliana) vacuolar channel AtALMT9. For that purpose, we performed a large-scale mutagenesis analysis and found two residues that form a salt bridge between the first and second putative transmembrane a-helices (TMa1 and TMa2). Furthermore, using a combination of pharmacological and mutagenesis approaches, we identified citrate as an "open channel blocker" of AtALMT9 and used this tool to examine the inhibition sensitivity of different point mutants of highly conserved amino acid residues. By this means, we found a stretch within the cytosolic moiety of the TMa5 that is a probable pore-forming domain. Moreover, using a citrate-insensitive AtALMT9 mutant and biochemical approaches, we could demonstrate that AtALMT9 forms a multimeric complex that is supposedly composed of four subunits. In summary, our data provide, to our knowledge, the first evidence about the structural organization of an ion channel of the ALMT family. We suggest that AtALMT9 is a tetramer and that the TMa5 domains of the subunits contribute to form the pore of this anion channel.
The transport of ions across cellular membranes is mediated by specialized proteins that catalyze the transfer of charged molecules across hydrophobic lipid bilayers. Based on the thermodynamics, two major classes of transport systems can be distinguished: (1) passive transporters such as ion channels, which catalyze the flux of solutes down the electrochemical gradient, and (2) active transporters like pumps and antiporters, which transport molecules against their electrochemical gradient. Independent of the nature of the transport system, the flux of ions across membranes is crucial for a wide range of physiological functions in plants. Among others, ion transport is involved in intracellular pH regulation, metal tolerance, stomatal movement, cellular signaling, plant nutrition, and cell expansion (Roelfsema and Hedrich, 2005; Kim et al., 2010; Barbier-Brygoo et al., 2011) . Despite the importance of anion transport in plant physiology, only in the last decade has the molecular identity of anion transport proteins started to be unveiled by identifying the chloride channel (CLC), slow anion channel (SLAC), and aluminum-activated malate transporter (ALMT) families. Their discovery has been a fundamental breakthrough in understanding the molecular mechanisms of anion homeostasis and its roles in various aspects of plant cell physiology (Ward et al., 2009; Barbier-Brygoo et al., 2011; Hedrich, 2012; Martinoia et al., 2012) .
The CLC family consists of both anion channels and secondary active transporters, which are ubiquitously expressed in all living organisms. In Arabidopsis (Arabidopsis thaliana), the first identified and characterized member of the family was AtCLCa (Hechenberger et al., 1996; Geelen et al., 2000) . AtCLCa is targeted to the tonoplast and acts as a 2NO 3 2 /H + antiporter (De Angeli et al., 2006) . In planta, AtCLCa represents a major vacuolar nitrate transporter driving the accumulation of this anion into the vacuole. Subsequent studies revealed that all other Arabidopsis CLCs are likewise localized in intracellular membranes but feature different cellular functions (Barbier-Brygoo et al., 2011) .
The SLAC protein family was identified in the last decade (Negi et al., 2008; Vahisalu et al., 2008) . Despite its recent discovery, the characterization of this plant anion transporter family proceeded rapidly (Negi et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009 Geiger et al., , 2010 Brandt et al., 2012) . SLAC1, the first identified member of the family, is involved in slow-type anion currents across the plasma membrane of plant cells (Negi et al., 2008; Vahisalu et al., 2008) . This ion channel is expressed in guard cells, where it mediates the efflux of anions into the apoplast, a process that is fundamental for stomata closure. SLAC1 regulates the stomatal aperture in response to different stimuli such as abscisic acid and high CO 2 and ozone concentrations (Negi et al., 2008; Vahisalu et al., 2008) . In addition, the activity of SLAC1 is controlled by different kinases (Geiger et al., 2009 that are part of various signaling pathways. This multiple regulation of SLAC1 suggests that it plays a critical role in the integration of different environmental stimuli.
ALMTs are membrane proteins exclusive to plants. In Arabidopsis, this family consists of 14 members that can be grouped into three clades (Kovermann et al., 2007) . The first member of the ALMT family, TaALMT1, was identified in wheat (Triticum aestivum) by Sasaki et al. (2004) when screening for genes associated with aluminum resistance. They provided evidence that TaALMT1 as well as AtALMT1, its homolog in Arabidopsis, are channels that catalyze the efflux of malate across the plasma membrane of root cells (Yamaguchi et al., 2005; Hoekenga et al., 2006) . This exudation of organic acids into the soil facilitates the detoxification of environmental Al 3+ . Besides contributing to Al 3+ tolerance, ALMTs have been found to exhibit other important physiological functions. AtALMT12 has been proposed to mediate rapid anion currents across the plasma membrane of guard cells in order to induce stomata closure (Meyer et al., 2010) . AtALMT9 and AtALMT6 have been shown to be channels localized in the tonoplast that mediate the export of malate into the vacuole (Kovermann et al., 2007; Meyer et al., 2011) . AtALMT6 is predominantly expressed in guard cells, where its activity is regulated by cytosolic Ca 2+ and vacuolar pH (Meyer et al., 2011) . In contrast, AtALMT9 is widely expressed in several plant tissues, such as the mesophyll and guard cells. Recently, AtALMT9 was shown to play a crucial role in stomata movement, where it functions as a malateactivated chloride channel (De Angeli et al., 2013) .
The knowledge about ion channel structures has expanded considerably in the last 20 years. Notably, various three-dimensional structures of such proteins have been solved (Choe, 2002; Jentsch, 2008; Traynelis et al., 2010) . This has boosted the research into and the understanding of structure-function relations in transport systems. Among the anion channel families described above, the structure has been determined for CLCs (Dutzler et al., 2002) and SLACs (Chen et al., 2010) . Additionally, large structure-function analyses have been conducted, providing detailed knowledge on the molecular basis underlying the ion channel functionality of these families. In contrast, little information was revealed about the structure of ALMTs by describing an important phosphorylation site (Ligaba et al., 2009; Furuichi et al., 2010) and by providing data on the topology (Motoda et al., 2007; Dreyer et al., 2012) . However, the proposed models in these studies do not entirely coincide regarding the number of transmembrane-spanning domains, the cellular orientation of the N terminus, and the organization of the C-terminal domain. Therefore, the structural organization of ALMTs is still ambiguous.
In this study, we performed a large-scale mutagenesis analysis of the transmembrane domain (TMD) of Arabidopsis ALMTs using the vacuolar channel AtALMT9 as a model. The aim was to identify regions of the TMD that potentially exhibit functional relevance by forming the pore or the voltage sensor. For that purpose, we took advantage of citrate, which we identified as an open channel blocker of AtALMT9. The use of this blocker allowed elucidation of the structural details of ion channels, such as the quaternary organization and pore-forming domains, when no crystal structure was available (MacKinnon, 1991; Yellen et al., 1991; Ferrer-Montiel and Montal, 1996; Linsdell, 2005) . By this means, it is possible to show, for instance, that potassium channels are tetramers and to identify their "selectivity filter" domain (MacKinnon and Yellen, 1990; MacKinnon, 1991) . Thus, by using citrate, we pharmacologically investigated structurefunction relations in AtALMT9. We identified a region adjacent to and within the fifth putative TMD that is supposedly involved in forming the permeation pathway of AtALMT9. Moreover, we demonstrated that AtALMT9 is a multimeric channel of probably four subunits in which the monomers participate in forming the pore.
RESULTS

Citrate Inhibits AtALMT9-Mediated Malate Currents
Blocking agents represent a common tool as reporter molecules to analyze functional and structural features of ion channels. In an attempt to disclose a blocker of the vacuolar channel AtALMT9, we were guided by a previous finding in which citrate was suggested to competitively inhibit malate uptake across the tonoplast (Rentsch and Martinoia, 1991) . In order to test whether citrate is a blocker of AtALMT9, we isolated vacuoles from transiently transformed tobacco (Nicotiana benthamiana) protoplasts that overexpressed AtALMT9-GFP (OE AtALMT9). We used the patchclamp technique to measure macroscopic currents mediated by AtALMT9 in the cytosolic-side-out excised patch configuration (Fig. 1) . To avoid rectification due to ion concentration gradients between the two sides of the patched membrane, we performed experiments in symmetric ionic conditions (100 mM malate vac /100 mM malate cyt ). Patches obtained from OE AtALMT9 tobacco vacuoles displayed inwardrectifying malate currents with time-dependent relaxations and a mean amplitude of 21.44 6 0.51 nA at 2120 mV, as reported in previous studies ( Fig. 1A ; Table I ; Kovermann et al., 2007;  for convention details regarding the applied voltage, see "Materials and Methods"). Even though citric acid is to 97% a tricarboxylate at pH 7.5 and exhibits similarities to the dicarboxylate malate (Fig. 1B) , we could not detect a Figure 1 . Citrate is a blocker of AtALMT9-mediated malate currents. A, Typical time-dependent currents from excised cytosolic-side-out patches obtained from AtALMT9-overexpressing tobacco vacuoles in symmetric malate conditions (100 mM malate vac /100 mM malate cyt ). Currents were evoked in response to 3-s voltage pulses ranging from +60 mV to 2120 mV in 20-mV steps, followed by a tail pulse at +60 mV, with a holding potential at +60 mV. B, Molecular structure of L-malate (MA) and citrate (CA) acids. C, Reversible inhibition of AtALMT9 WT currents by 10 mM citrate cyt . Normalized current-voltage curves were obtained with a voltage ramp (from +60 to 2160 mV in 1.5 s) in cytosolic control solution (ctrl; 100 mM malate cyt ) and after adding 10 mM citrate cyt (100 mM malate cyt + 10 mM citrate cyt ). The gray line indicates the recovery in control cytosolic solution. D and E, Ratios between currents recorded in control and citrate cyt -containing solutions (I CA /I ctrl ) when using different citrate cyt concentrations (n = 4-5 . G, Representative current recording of a kick-out experiment on AtALMT9-meditated current. The currents were evoked using the voltage pulse protocol shown above the current traces. After the 3-ms pulse at +60 mV, a transient decrease of the current is observable in the presence of 10 mM citrate cyt (black trace inset). In contrast, in cytosolic control solution (gray trace inset), no transient decrease is significant permeation of citrate through AtALMT9 (I citrate /I malate = 5% 6 5%; Supplemental Fig. S1A ), as shown for BnALMT1 and BnALMT2 (Ligaba et al., 2006) . However, when 10 mM citrate was applied at the cytosolic side (100 mM malate vac /100 mM malate cyt + 10 mM citrate cyt ), AtALMT9 malate currents were reversibly inhibited to residual 37% 6 5% of the original current at 2160 mV (Fig. 1C) . The inhibition of the ion flux induced by citrate cyt was dose and voltage dependent (Fig. 1, D and E) . Notably, the inhibitory effect of citrate cyt on AtALMT9-mediated currents occurred more pronouncedly at more negative membrane potentials (Fig. 1, C and D) . However, the inhibition by citrate cyt did not change the voltage dependency of the relative open probability of the channel (Supplemental Fig. S1B ). This implies that citrate cyt inhibition does not originate from a shift in channel gating toward more negative membrane potentials. When further analyzing the dose response of citrate cyt inhibition at different applied potentials, we found that the dissociation constant of citrate cyt (K d citrate ; 5.1 6 0.3 mM at 2160 mV) was voltage dependent (Fig. 1, E and F) . This finding indicates that the inhibiting anion citrate experiences the applied transmembrane electrical field. Consequently, we could estimate that citrate penetrates approximately 17% of the applied transmembrane electrical field (Woodhull, 1973) . This, in turn, suggests that the interaction between citrate and the channel occurs within the membrane-spanning domain of AtALMT9 and possibly within the conduction pathway. observable. H, Crossing of the tail currents at +30 mV in control conditions (gray trace) and in the presence of 10 mM citrate cyt (black trace). AtALMT9 currents were elicited by an activating prepulse at 2100 mV for 2 s followed by a tail pulse at +30 mV (1 s), as depicted above the current traces. The holding potential was set to +60 mV. Error bars represent SD. Asterisks indicate statistically significant differences from untransformed tobacco (*P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001; two-tailed Student's t test).
b Ratio between the current measured in 100 mM malate cyt + 10 mM citrate cyt and the current measured in 100 mM malate cyt . Asterisks indicate statistically significant differences from AtALMT9 WT (****P , 0.0001; twotailed Student's t test).
c K d citrate determined with Equation 1.
d Rectification rate measured as described in the text. Asterisks indicate statistically significant differences from AtALMT9 WT (*P , 0.05, **P , 0.01, ***P , 0.001; two-tailed Student's t test).
To obtain direct evidence that citrate acts as an open channel blocker by interacting with the pore of AtALMT9, we investigated whether citrate binds to the activated channel. In a first step, we performed "kick-out experiments" (Becker et al., 1996; Fig. 1G ). This approach is based on the reversible dissociation of citrate from its binding site when applying a short voltage pulse to the activated AtALMT9 channel at which citrate cyt was shown to no longer effectively block AtALMT9 (i.e. V m $ 0 mV; Fig. 1C ). The "kickout pulse" was transient and adjusted in order to not influence the voltage-dependent gating of the channel (Fig. 1G) . Consequently, the proportion of channels in an open configuration was stable during and after the kick-out pulse. Therefore, effects on the current after the kick-out pulse did not originate from effects on the channel gating but from reversible pore blocking. During the kick-out experiments, we first activated the channels with a voltage pulse at 2140 mV for 2 s. Subsequently, we stepped for 3 ms to a positive membrane potential (+60 mV) and then restored the membrane potential to 2140 mV again (Fig. 1G ). When this protocol was applied in the presence of the cytosolic control buffer (100 mM malate cyt ), the 3-ms pulse to +60 mV did not induce any significant channel closure, since the current levels before and immediately after the pulse were indistinguishable (Fig. 1G , gray trace inset). Differently, when applying the same protocol in the presence of 10 mM citrate cyt , the 3-ms pulse at +60 mV was followed by a transient increase of the current that relaxed rapidly to the prepulse current amplitude (the time constant of the current relaxation is t = 11.5 6 0.4 ms at 2140 mV; Fig. 1G , black trace inset). This fast relaxation after the kick-out pulse reflected the reversible binding kinetic of citrate to the channel. Thus, the results confirmed that citrate is capable of blocking AtALMT9 by binding to the open channel configuration. Concurrently, as expected for channels blocked in the open configuration, deactivating tail currents relaxed more slowly in the presence of citrate cyt than in its absence because of the dissociation of the blocking agent prior to closure of the channel. Hence, the application of an open channel blocker like citrate generates a typical crossover of the tail currents (Clay, 1995; Fig. 1H) . Taken together, these data strongly indicate that citrate is an open channel blocker and that its inhibitory effect is likely due to a block of the conduction pathway of AtALMT9.
Effects of Positively and Negatively Charged Amino Acid Residues on Pore Conductivity
Despite the fact that ALMT proteins are known and have been studied for many years, few experimental data are available on the structure-function level (Motoda et al., 2007; Furuichi et al., 2010; Mumm et al., 2013) . In particular, no study was conducted to investigate the TMD of ALMTs so far. Based on in silico analyses (http://aramemnon.botanik.uni-koeln.de), AtALMT9 is predicted to consist of a TMD at the N terminus and a soluble C-terminal domain encompassing roughly half of the protein. The TMD is predicted to be formed by six putative transmembrane a-helices, whereby the N terminus exhibits an intracellular orientation (TMa1-TMa6; Fig. 2A ). However, other arrangements, such as an inverse inside-outside structure or more a-helices, were also proposed (Motoda et al., 2007; Dreyer et al., 2012) . We performed a multiple alignment throughout all members of the ALMT family in Arabidopsis and identified several conserved or partially conserved amino acids within the TMD ( Fig. 2B; Supplemental Fig. S2 ). We focused predominantly on positively charged residues, since they were often found to be relevant for functional elements of ion channels (pore and voltage sensor; Linsdell, 2005; Catterall, 2010) . Interestingly, in line with the positive-inside rule (von Heijne and Gavel, 1988) , the cytosolic-facing moiety of AtALMT9 exhibits a higher number of positively charged residues compared with the vacuolar moiety. While eight positively charged residues (three Arg and five Lys residues) are located at the cytosolic moiety, only three conserved positive residues face the vacuolar side (Fig. 2, A and  B) . To analyze the role of these residues in the TMD of AtALMT9, we substituted them by site-directed mutagenesis and monitored the effects of the mutation at a functional level (Fig. 2 , D and E; Table I ).
We transiently expressed the AtALMT9-GFP mutant channels in tobacco and first analyzed their intracellular localization by confocal laser scanning microscopy to verify whether the introduced point mutations resulted in a mistargeting of the protein. Interestingly, none of the mutations had an effect on the vacuolar targeting of the AtALMT9 channel ( Fig. 2C ; Supplemental Fig. S3 ). Subsequently, we analyzed the functionality of the mutated derivatives of AtALMT9 by performing patch-clamp analysis under the same experimental conditions as described above (Fig. 1A) . The analysis revealed that the individual residues impacted differently on channel functionality. The removal of the positive charge of conserved Lys and Arg residues and the negative charge of the conserved Glu predicted to be inside the TMDas (Lys-93, Glu-130, Arg-143, Lys-187, and Arg-226) resulted in a loss of conductivity (Fig. 2 , D and E; Table I ). On the contrary, substituting other conserved positively and negatively charged residues predicted to be in the loops between the TMDas (Lys-87, apparently did not affect the functionality of AtALMT9. In fact, patches from vacuoles transformed with these mutants presented time-dependent inward-rectifying currents with amplitudes that are reminiscent of those observed for AtALMT9 WT (Figs. 1A and 2, D and E; Table I ). Interestingly, the mutation of the two amino acids Arg-200 and Arg-215, the charge of which is not entirely conserved among the Arabidopsis ALMTs, affected the functionality of AtALMT9 dependent on the introduced residue. When Arg-200 and Arg-215 were substituted with an Asn (AtALMT9 R200N and AtALMT9 R215N ), we observed timedependent inward-rectifying currents comparable to AtALMT9 WT (Table I; Supplemental Fig. S4, A and C) . However, the introduction of a negatively charged residue like Glu (AtALMT9 R200E and AtALMT9 R215E ) led to nonfunctional channels (Table I; Supplemental Fig.  S4 , A and C). In summary, we observed three different effects on AtALMT9 channel functionality when mutating conserved charged residues. Four of the mutations we introduced induced a loss of conductivity, indicating that these residues were essential for the functionality of the channel. Furthermore, mutation of the cytosolic-facing residues did not influence channel functionality, whereas a third set of mutations resulted in a phenotype that was dependent on the introduced charge.
TMa1 and TMa2 Are Connected by a Salt Bridge
The analysis of the primary sequence alignment revealed two conserved charged residues arousing our interest. Lys-93 and Glu-130 are located within TMa1 and TMa2, respectively (Fig. 2, A and B) . In the hydrophobic environment of membranes, unitary charges need to be stabilized by an interaction with a solvent and/or with an opposite charge (Perutz, 1978) . When Glu-130 was replaced by an Ala or a Lys (AtALMT9 E130A or AtALMT9 E130K ), the channel was nonconductive, similar to AtALMT9 K93A and AtALMT9 K93E ( Fig. 3 ; Table I ). However, channels harboring conservative mutations in which the respective charge was kept (AtALMT9 K93R and AtALMT9 E130D ) displayed inward currents comparable to AtALMT9 WT (Table I) . Thus, we hypothesized that the two charged residues Figure 2 . Impact of the mutation of conserved residues on AtALMT9 functionality. A, The TMD of AtALMT9 is predicted to be formed by six putative transmembrane a-helices (TMa1-TMa6) with the N terminus being located in the cytosol. The model illustrates the location of the amino acids targeted by site-directed mutagenesis (red stars). B, Multiple alignment of AtALMT9 with representative AtALMT proteins (AtALMT1, AtALMT6, and AtALMT12). The alignment was conducted with the Jalview software (Waterhouse et al., 2009 ). The black boxes indicate the predicted TMas of AtALMT9. The conserved amino acids used for mutagenesis are displayed in red (positively charged residues) and in blue (negatively charged residues). C, Fluorescence and transmission images of vacuoles released from lysed tobacco mesophyll protoplasts transiently overexpressing AtALMT9 WT -GFP, AtALMT9 K93E -GFP, and AtALMT9 K193E -GFP imaged by confocal laser scanning microscopy. Bars = 10 mm. D, Representative current recordings of excised cytosolic-side-out patches of untransformed vacuoles as well as vacuoles overexpressing AtALMT9 WT , AtALMT9 K93E , and AtALMT9 K193E . Currents were evoked in response to 3-s voltage pulses ranging from +60 to 2120 mV in 20-mV steps followed by a tail pulse at +60 mV. E, Mean current-voltage curves of untransformed vacuoles (red bars; n = 3), AtALMT9 WT (white circles; n = 11), AtALMT9 K93E (white squares; n = 5), and AtALMT9 K193E (black squares; n = 7). In D and E, AtALMT9 currents were recorded in symmetric ionic conditions (100 mM malate vac /100 mM malate cyt ). The holding potential was set to +60 mV. Error bars denote SD.
Lys-93 and Glu-130 could interact to form a salt bridge. To test this assumption, we generated a double mutant, AtALMT9 K93E/E130K , in which the charges of the amino acids Lys-93 and Glu-130 were exchanged. Astonishingly, the doubly mutated channel was functional and exhibited electrophysiological properties similar to AtALMT9 WT (Fig. 3) . AtALMT9 K93E/E130K mediated currents with time-dependent relaxations and a mean amplitude of 21.30 6 0.27 nA at 2120 mV ( Fig. 3B ; Table I ). Moreover, the double mutant was inhibited by citrate, as demonstrated for the AtALMT9 WT channel (Table I ; Supplemental Fig. S5 ). These results indicate that the positively charged Lys-93 and the negatively charged Glu-130 connect TMa1 and TMa2 by a salt bridge that is essential for the functionality of the channel.
Identification of Positively Charged Residues That Are Part of the Ion Conduction Pathway in AtALMT9
To investigate whether the mutated amino acids are possibly involved in forming the interaction site between citrate and the channel, we determined the sensitivity of the conductive AtALMT9 point mutants to citrate. The four charged residues Lys-87, Lys-139, are located in the cytosolic loops next to TMa1, TMa2, and TMa5 and at the vacuolarfacing moiety of TMa5, respectively (Fig. 2, A and B R200N = 0.86 6 0.04 at 2160 mV; Fig. 4 ; Table I ]. Since the substitution R200E resulted in a nonfunctional channel, the effect of a negatively charged residue at this amino acid position could not be investigated. Nevertheless, the mutation K193E, which introduced a Glu, provided a conductive channel but caused a complete loss of citrate cyt inhibition (I citrate /I ctrl = 0.99 6 0.02 at 2160 mV; Fig. 4 , A and C). In addition, when performing kick-out experiments with the citrateinsensitive mutants AtALMT9 K193E and AtALMT9 R200N , the kick-out pulse was not followed by fast-relaxing current transients (Supplemental Figs. S1D and S4B) . Since the transient current relaxation is due to the rapid dissociation and subsequent binding of citrate cyt to the open channel configuration of AtALMT9 WT , its absence provided evidence that citrate cyt was not able to interact with the AtALMT9 K193E and AtALMT9 R200N mutant channels and did not enter the TMD in these mutants. In contrast, the citrate-sensitive channel AtALMT9 R215N , which possesses a substitution at the vacuolar-facing part of the membrane, exhibited a transient current relaxation comparable to the wild-type channel after applying a kick-out pulse (Supplemental Fig. S4D ).
Taken together, these results indicate that the positively charged residues Lys-193 and Arg-200, which are located adjacent to or within TMa5, are involved in mediating the interaction of citrate with AtALMT9. Considering the fact that citrate acts as an open channel blocker, the data suggest that Lys-193 and Arg-200 are part of the ion conduction pathway of AtALMT9. To further confirm the pore-forming feature of the two residues and TMa5, we explored the functional properties of the conductive AtALMT9 mutants by analyzing the "open channel rectification." This parameter directly reflects the properties of the conduction pathway itself, excluding rectification effects based on voltage-dependent gating. To quantify the open channel rectification of AtALMT9 WT and its derivatives, we made used of the rectification rate coefficient (Linsdell, 2005) . This coefficient is defined as the ratio between the conductance measured at the end of the activation pulse at 2120 mV and the conductance measured at the beginning of the tail pulse at +60 mV (for details, see "Materials and Methods"). The rectification ratio of AtALMT9 WT was 0.19 6 0.03, indicating that the conduction pathway of this channel had intrinsic inward rectification properties. Strikingly, we observed that the citrate-insensitive channel Figure 3 . The conserved residues Lys-93 and Glu-130 form a salt bridge within the TMD of AtALMT9. A, Excised cytosolic-side-out current recordings from tobacco vacuoles overexpressing AtALMT9 K93E , AtALMT9 E130K , and the double mutant AtALMT9 K93E/E130K . Currents were evoked in response to 3-s voltage pulses ranging from +60 to 2120 mV in 20-mV steps followed by a tail pulse at +60 mV. B, Mean currentvoltage curves of malate currents mediated by AtALMT9 WT (white circles; n = 11), AtALMT9 K93E/E130K (black diamonds; n = 3), AtALMT9 K93E (white squares; n = 5), and AtALMT9 E130K (black circles; n = 3). Currents were recorded in symmetric conditions (100 mM malate vac /100 mM malate cyt ). The holding potential was set to +60 mV. Error bars represent SD. AtALMT9 K193E , which was mutated in an amino acid residue of the pore region, and AtALMT9 R215N , which harbors a mutation within TMa5, exhibited an altered rectification ratio compared with AtALMT9 WT (Table I) . AtALMT9 K193E showed a markedly increased rectification ratio of 0.50 6 0.09, whereas AtALMT9 R215N exhibited a lower rectification ratio (0.14 6 0.01). The different rectification rates of AtALMT9 K193E and AtALMT9 R215N indicate that the mutated residues are involved in conferring rectification characteristics to the pore of AtALMT9. Hence, it is likely that Lys-193 and Arg-215 are involved in forming the conduction pathway. In summary, we could observe alterations in citrate block sensitivity and open channel rectification when analyzing the properties of the conductive mutant channels. We identified three positively charged residues preceding TMa5 or within TMa5 (Lys-193, Arg-200, and Arg-215) that fundamentally contribute to the functionality of the conduction pathway of AtALMT9.
AtALMT9 Is a Multimeric Anion Channel Composed of Four Subunits
The discovery of the mutant channel AtALMT9 K193E , which is characterized by complete insensitivity to R200N , and AtALMT9 R215N in control conditions (ctrl) and in the presence of 10 mM citrate cyt (CA) obtained with a voltage ramp (from +60 mV to 2160 mV in 1.5 s). B, Ratio between the control currents and the residual currents after inhibition with 10 mM citrate cyt (I CA /I ctrl ). Depicted are AtALMT9 K193E (squares; n = 4), AtALMT9 K193N (diamonds; n = 4), AtALMT9 R200N (inverted triangles; n = 4), AtALMT9 R215N (triangles; n = 3), and AtALMT9 WT (circles; n = 4). C, Ratios of the currents of different AtALMT9 mutants before and after the application of 10 mM citrate cyt (I CA /I ctrl ; n = 3-5) at 2160 mV. Currents were measured in symmetric conditions (100 mM malate vac /100 mM malate cyt ). Asterisks indicate statistically significant differences from AtALMT9 WT (****P , 0.0001; two-tailed Student's t test). Error bars denote SD. citrate inhibition, provides the opportunity to investigate whether AtALMT9 is a monomeric or a multimeric channel (MacKinnon, 1991; Kosari et al., 1998) . If AtALMT9 is a monomer, a co-overexpression of AtALMT9 WT and AtALMT9 K193E would not influence the K d citrate . In contrast, in case AtALMT9 functions as a multimeric complex, the heteromultimeric hybrids of AtALMT9 WT and AtALMT9 K193E would exhibit an altered sensitivity to citrate cyt . Therefore, the presence of heteromultimers would result in a shift in K d citrate . We performed experiments in which we coinfiltrated tobacco leaves with a mixture of two Agrobacterium tumefaciens strains carrying plasmids with the sequence of either AtALMT9 WT or AtALMT9 K193E in different ratios (1:1 and 1:4). First, we verified the transcription levels of AtALMT9 WT and AtALMT9 K193E after coinfiltration. When infiltrating leaves with a 1:1 ratio of the two A. tumefaciens strains, we observed that 50.1% 6 9.2% of the AtALMT9 transcripts were of wild-type origin and 49.9% 6 9.2% were the mutant sequence. Similarly, when coinfiltrating tobacco leaves with the two A. tumefaciens strains in a ratio of 1:4, we found that 15% 6 13% of the AtALMT9 transcripts were the wild-type sequence and 85% 6 13% showed the sequence of AtALMT9 K193E (Fig. 5A) . Thus, using these A. tumefaciens mixtures, we were able to coexpress both AtALMT9 variants in tobacco in a ratio corresponding to that of the infiltration mix. Subsequently, we tested the citrate block sensitivity of vacuoles co-overexpressing AtALMT9 WT and AtALMT9 K193E in 1:1 and 1:4 ratios. As observed in OE AtALMT9 WT patches, the coexpression displayed Figure 5 . AtALMT9 forms homomultimeric complexes. A, Relative occurrence of AtALMT9 WT and AtALMT9 K193E transcripts in leaves of tobacco coinfiltrated with a 1:1 and a 1:4 mixture of A. tumefaciens strains each carrying plasmids with the sequence of one of the channel variants. Error bars represent SD of four biologically independent replicates (20 transcripts were analyzed for each replicate). B, Representative normalized current-voltage curves obtained with a voltage ramp (from +60 to 2160 mV in 1.5 s; the holding potential was +60 mV) measured in excised cytosolic-side-out patches from vacuoles coexpressing AtALMT9 WT and AtALMT9 K193E at different ratios (left, AtALMT9 WT :AtALMT9 K193E = 1:1; right, AtALMT9 WT :AtALMT9 K193E = 1:4). Currents were recorded in control conditions (ctrl) and in the presence of 10 mM citrate cyt (CA). C, Dose-response curves for citrate cyt from vacuoles overexpressing AtALMT9 WT (circles), AtALMT9 K193E (squares), AtALMT9 WT :AtALMT9 K193E = 1:4 (triangles), and AtALMT9 WT :AtALMT9 K193E = 1:1 (hourglass; n = 4-7). The data of AtALMT9 WT malate currents that were blocked by citrate cyt (Fig.  5B) . Notwithstanding, the currents in vacuolar patches co-overexpressing both AtALMT9 variants were less sensitive to citrate cyt than currents recorded in vacuoles only expressing AtALMT9 WT and showed a shift in K d citrate (Fig. 5C ). The K d citrate was 6.6 6 0.6 mM and 10.4 6 1.2 mM for the 1:1 and 1:4 ratios, respectively, thus representing 1.3-and 2.1-fold increases of K d citrate compared with AtALMT9 WT (Fig. 5D ). This increase of K d citrate in vacuoles simultaneously expressing AtALMT9 WT and AtALMT9 K193E is in agreement with a model in which both variants assemble to a heteromultimeric channel and citrate interacts with multiple subunits. To further confirm this finding, we performed denaturing PAGE on microsomal proteins extracted from transiently transformed tobacco leaves that overexpressed AtALMT9-GFP (Fig. 5E) . Using a GFP-specific antibody, we detected AtALMT9-GFP predominantly as an approximately 70-kD monomer. This band was smaller than predicted based solely on its formula molecular mass (93.5 kD) but was consistent with an apparent reduction in protein size observed under nonreducing conditions (Wittig and Schägger, 2008) . We identified two higher order complexes in the absence of reducing agents and without heating up the samples (Fig. 5E ). These complexes corresponded in size to an AtALMT9-GFP dimer (approximately 140 kD) and a tetramer (approximately 280 kD; Fig. 5E ). Thus, these results provide evidence that AtALMT9-GFP functions as a multimer in which supposedly four subunits form the channel.
DISCUSSION
The usage of blockers and the analysis of their effects on different site-specific mutants have allowed the development of structural models of ion channels when the crystal structures were not solved (MacKinnon, 1991; Yellen et al., 1991; Linsdell, 2005) .
Due to the absence of detailed data about the structure of ALMTs, the only available information comes from in silico predictions and a few structure-function studies (Motoda et al., 2007; Ligaba et al., 2009; Furuichi et al., 2010; Mumm et al., 2013) . Hence, the exact topology of ALMT proteins is not yet unambiguously determined (Motoda et al., 2007; Dreyer et al., 2012) . Nonetheless, on the basis of software predictions and the existing data, Arabidopsis ALMT channels are likely to be formed by an N-terminal TMD constituted of six membrane-spanning helices with the N-terminal and the C-terminal domains featuring an intracellular orientation ( Fig. 2A ; Kovermann et al., 2007 ; http://aramemnon.botanik.uni-koeln.de). Using in silico analysis, Piñeros et al. (2008) suggested that the TMD is involved in forming the permeation pathway. Nevertheless, the few structure-function studies focused on the C-terminal domain of ALMT proteins (Ligaba et al., 2009; Furuichi et al., 2010; Mumm et al., 2013) . Because of the complete lack of experimental data on the N-terminal TMD of ALMTs, we performed a site-directed mutagenesis screen of this region using AtALMT9.
We could identify the three residues Lys-193, Arg-200, and Arg-215 as being important for channel functionality and possibly as being part of the anion conduction pathway. The mutation of Lys-193 and Arg-200, which are localized at the cytosolic face of AtALMT9, strongly impacted on both channel functionality and citrate blockade. The channel variants AtALMT9 K193N and AtALMT9 K193E display a strong and progressive effect on citrate inhibition sensitivity, resulting in a complete abolition of the open channel blockade in AtALMT9 K193E . Moreover, AtALMT9 K193E features an impaired open channel rectification compared with AtALMT9 WT . Regarding position Arg-200, the substitution into a Glu results in a nonconductive channel (AtALMT9 R200E ), while the channel variant AtALMT9 R200N is functional but has strongly reduced citrate block sensitivity. Differently, mutation of the residue Arg-215, as expected by its predicted vacuolarside localization, does not modify citrate inhibition. However, AtALMT9 R215N is impaired in its rectification ratio, suggesting that the mutated residue is involved in the permeation process. Again, an exchange of the electrical charge of the residue (R215E) results in a nonconductive channel. Interestingly, the charge conservative mutant channels of these three positions (AtALMT9 K193R , AtALMT9 R200K , and AtALMT9 R215K ) maintained the channel properties indistinguishable from AtALMT9 WT (Fig. 4C) . Therefore, the interaction of citrate with AtALMT9 is mainly electrostatic, and Lys-193 and Arg-200 are key residues in forming the citrate-binding site. When inhibiting AtALMT9 currents, citrate enters the TMD and penetrates 17% of the applied electrical field. Thus, combining this information with the predicted location of  it is likely that the binding site for citrate is placed at the cytosolic entrance of the conduction pathway of AtALMT9 (Fig. 6) .
In addition, the results provided information about the topology of the AtALMT9 TMD. Our experimental data point toward an opposite orientation of ALMT proteins compared with the models proposed by Motoda et al. (2007) and Dreyer et al. (2012) . Indeed, the fact that the mutation of the cytosolic-facing residues Lys-87, Lys-193, and Arg-200 impairs citrate block ( Fig. 4; Supplemental Fig. S4 ) while the mutation of the vacuolar-facing Arg-215 does not is in agreement with the computer-based prediction of the topology of AtALMT9, with an intracellular localization of the N terminus and an orientation of the protein as depicted in Figure 2 . Moreover, this study demonstrates that three residues that are important in the anion permeation process reside within TMa5 or in the short loop preceding it. TMa5 is predicted to span the entire membrane, whereby are located on the opposite side of TMa5 than Arg-215 (Fig. 2) . Hence, it is tempting to speculate that TMa5 lines the whole permeation pathway of AtALMT9, similar to what has been previously observed in other ion channels (Hilf and Dutzler, 2009; Hibbs and Gouaux, 2011) .
Several introduced mutations of residues in the TMD result in major defects on AtALMT9 conductivity regardless of the chemical properties of the substitution (Table I ). This nonfunctionality prevents further investigations but suggests an essential structural role of these residues. Nonetheless, we have identified the distinct structural role of the residue Lys-93. Lys-93 is located within TMa1 and is strictly conserved among different ALMTs (Supplemental Fig. S2 ). We have demonstrated that Lys-93 forms a salt bridge with another strictly conserved residue in TMa2, Glu-130. This proves that TMa1 and TMa2 are connected by a salt bridge that is crucial for channel functionality. Similar observations of a restored wild-type channel function when exchanging the residues of a salt bridge have been made in the cystic fibrosis transmembrane conductance regulators (Cotten and Welsh, 1999; Cui et al., 2013) .
The concomitant finding of the pore blocker citrate and the mutant channel AtALMT9 K193E that features abolished block sensitivity allowed investigation of the oligomeric state of AtALMT9 (MacKinnon, 1991) . This is an intriguing opportunity, since, to our knowledge, it is not known whether ALMTs present a monomeric or multimeric architecture. To distinguish between these two possibilities, we coexpressed AtALMT9 WT and AtALMT9 K193E and found that the sensitivity to citrate was decreased and the K d citrate was shifted. These results are consistent with a model in which AtALMT9 channels form a multimeric complex and citrate interacts with multiples of those subunits. Moreover, since citrate is an open channel blocker interacting with the pore-forming region, our data suggest that several AtALMT9 polypeptides participate in forming the anion conduction pathway. This type of multimeric organization is shared with several other families of ion channels like potassium channels (MacKinnon, 1991) , Glu receptors (Rosenmund et al., 1998; Robert et al., 2001) , and acid-sensing channels (Kosari et al., 1998 (Kosari et al., , 2006 Snyder et al., 1998) . However, due to the low affinity of citrate, it is not possible to apply saturating blocker concentrations that would have allowed determination of the exact stoichiometry of AtALMT9 complexes. Therefore, we used a biochemical approach to provide evidence that AtALMT9 features a multimeric organization. Our data suggest that AtALMT9 forms presumably tetrameric complexes, similar to what has been found for potassium channels (Daram et al., 1997; Doyle et al., 1998) . These results are in line with recent findings on AtALMT9, where the induction of chloride conductance by malate was shown to exhibit a Hill coefficient of 2.5, indicating that more than two subunits are required to form a functional channel (De Angeli et al., 2013) .
One question that arises from this ensemble of results is whether the structural characteristics we described for AtALMT9 are extendible to other members of the ALMT family. We predominantly investigated residues that are conserved among the family at least in their electrical charge. Moreover, based on secondary structure prediction, the N-terminal TMD has a remarkably conserved topology. Thus, it is probable that the results concerning the structure found for one ALMT are also valid for other members.
In conclusion, our work provides new molecular, biochemical, and biophysical details about the TMD of a member of the ALMT family. We identified a probable pore-forming region of ALMT anion channels and revealed that AtALMT9, and presumably also other ALMTs, are multimeric complexes formed by four subunits in which multiple subunits participate in the formation of the conduction pathway.
MATERIALS AND METHODS
Site-Directed Mutagenesis
Arabidopsis (Arabidopsis thaliana) AtALMT9 complementary DNA was cloned into the expression vector pART27 as described previously (Kovermann et al., 2007) . The site-directed mutants were generated following the manufacturer's instructions of the Quikchange Site-Directed Mutagenesis Kit (Agilent Technologies) with slight modifications. All point mutations were verified by sequencing.
Overexpression of AtALMT9-GFP in Tobacco
Agrobacterium tumefaciens (GV3101) was transformed with plasmids containing the sequences of the AtALMT9 WT channel and its point-mutated derivatives by electroporation. The A. tumefaciens-mediated infiltration of 4-week-old tobacco (Nicotiana benthamiana) leaves was performed as described previously with slight modifications (Yang et al., 2001 Verification of AtALMT9 WT and AtALMT9 K193E Coexpression in Tobacco A. tumefaciens strains harboring plasmids with either the sequence of AtALMT9 WT or AtALMT9 K193E were coinfiltrated into tobacco in a bacteria ratio of 1:1 and 1:4 after defining the optical density at 600 nm. Whole-leaf RNA was extracted 2 to 3 d after transient transformation, and complementary DNA was subsequently synthesized. We amplified AtALMT9 via PCR using a 20-mL reaction volume and the Phusion High-Fidelity DNA Polymerase (Thermo Scientific). PCR conditions were set as follows: 98°C for 2 min in the first cycle; subsequently, 30 amplification cycles consisting of 10 s at 98°C, 20 s at 58°C, and 1.20 min at 72°C; the final extension was 5 min at 72°C. Subsequently, we cloned the PCR product into the pJet1.2/blunt cloning vector (CloneJet PCR Cloning Kit; Thermo Scientific) and determined the amount of AtALMT9 WT and AtALMT9 K193E transcripts by sequencing.
Microscopy
Intracellular localization of AtALMT9-GFP mutants was determined by performing a lysis to release vacuoles of tobacco protoplasts overexpressing the appropriate mutant channel construct. Microscopy was conducted using a Leica DMIRE2 www.leica-microsystems.com laser scanning microscope that was equipped with a 633 glycerol objective. GFP fluorescence signal was imaged at an excitation wavelength of 488 nm, and the emission was detected between 500 and 530 nm. The appropriate Leica confocal software has been used for image acquisition. The images in Supplemental Figure S3 were obtained with an epifluorescence microscope (Nikon Eclipse TS100) and acquired with a digital camera (Nikon DS-Fi1).
Electrophysiology
Mesophyll protoplasts from AtALMT9-GFP-overexpressing tobacco leaves were isolated by enzymatic digestion. The enzyme solution contained 0.3% (w/v) cellulase R-10, 0.03% (w/v) pectolyase Y-23, 1 mM CaCl 2 , 500 mM sorbitol, and 10 mM MES, pH 5.3, 550 mosmol. Protoplasts were washed twice and resuspended in the same solution without enzymes. Vacuoles were released from mesophyll protoplast by the addition of 5 mM EDTA and a slight osmotic shock (500 mosmol; see medium below). Transformed vacuoles exhibiting an AtALMT9-GFP signal were selected using an epifluorescence microscope. Membrane currents from patches of the tonoplast were recorded using the excised cytosolic-side-out patch-clamp technique as described elsewhere (De Angeli et al., 2013) . Briefly, currents were recorded with an EPC10 patch-clamp amplifier (HEKA Electronics) using Patchmaster software (HEKA Electronics). Data were analyzed with FitMaster software (HEKA Electronics). In experiments on macroscopic current recordings, the pipette resistance was 4 to 5 MV. Only patches presenting a seal resistance higher than 2 GV were used to perform experiments. Macroscopic current recordings were filtered at 300 Hz.
The pipette solution contained 112 mM malic acid and 5 mM HCl and was adjusted with BisTrisPropane (BTP) to pH 6. The osmolarity was adjusted with sorbitol to 550 mosmol. The bath solution contained (1) 100 mM malic acid, 3 mM MgCl 2 , and 0.1 mM CaCl 2 , adjusted to pH 7.5 with BTP; (2) 100 mM malic acid, citric acid (2, 5, 10, or 30 mM), 3 mM MgCl 2 , and 0.1 mM CaCl 2 , adjusted to pH 7.5 with BTP; and (3) 100 mM citric acid, 3 mM MgCl 2 , and 0.1 mM CaCl 2 , adjusted to pH 7.5 with BTP. The osmolarity was adjusted to 500 mosmol using sorbitol. All chemicals were purchased from Sigma-Aldrich. Liquid junction potentials were measured and corrected when higher than 62 mV (Neher, 1992) . Current-voltage characteristics were obtained by subtracting the current at time zero from the quasistationary currents (averaging the last 50 ms of the current trace) elicited by main voltage pulses. In all patchclamp experiments, the applied membrane potential (V m ) is presented according to the convention for intracellular organelles of Bertl et al. (1992) , namely V m = V cyt 2 V vac , where V cyt and V vac are the cytosolic and vacuolar potentials, respectively.
The dose response for the citrate cyt inhibition of AtALMT9 WT currents (Figs. 1 and 5; Supplemental Fig. S4 ) was fitted and analyzed with the Langmuir isotherm in the following form:
where I is the AtALMT9 current amplitude in the presence of citrate cyt , I 0 is the AtALMT9 current under control solution, [CA] cyt is the cytosolic citrate concentration, and K d CA is the dissociation constant of citrate.
The dose response for the citrate cyt inhibition of the co-overexpression of AtALMT9 WT and AtALMT9 K193E in 1:1 and 1:4 ratios (Fig. 5) was fitted with the Langmuir isotherm in the following form:
where I is the current amplitude in the presence of citrate cyt , I 0 is the current amplitude under control solution, [CA] cyt is the cytosolic citrate concentration, K d CA is the dissociation constant of citrate, and I inh is the maximum fraction of current inhibited by citrate cyt .
To estimate the fraction of the electrical field that citrate traverses to reach its binding site, the voltage-dependent dissociation constant relationship was fitted with the equation described by Woodhull (1973) : potential, z is the valence of the blocker, d is the fraction of the electrical membrane field traversed by the blocker, and F, R, and T are the Faraday constant, gas constant, and absolute temperature, respectively. Experiments were performed at room temperature (22°C-25°C). For all calculations, the actual citrate 32 concentration was determined with the Henderson-Hasselbach equation. The citrate 32 concentration was estimated to be 93% of the different citric acid forms at pH 7.5. The rectification rate coefficient was obtained by calculating the ratio between the conductance at the end of the activating pulse (V m = 2120 mV) and the conductance at the very beginning of the deactivating pulse (V m = +60 mV). The conductance at the end of the activating pulse was estimated by using the ratio between the average current amplitude of the last 5 ms of the activation pulse and the applied activating potential. To calculate the conductance at the beginning of the deactivating pulse, the initial current was extrapolated from a monoexponential fit of the tail currents and divided by the applied deactivating potential of +60 mV.
Microsomal Protein Extraction and Protein Gel-Blot Analysis
Leaf material from unfiltrated (or empty vector-expressing) tobacco plants (data not shown) and AtALMT9-GFP-expressing tobacco plants was homogenized by cryogenic grinding with mortar and pestle and mixed with 4°C icecold homogenization buffer (250 mM Tris-HCl, pH 8.5, 25 mM EDTA, 30% Suc, 5 mM dithiothreitol, and protease inhibitor cocktail tablet [Roche] ). The debris was sedimented by centrifugation at 5,000 rpm in a table-top centrifuge (Biofuge fresco; Heraeus) for 10 min at 4°C. Afterward, the supernatant fraction was passed through Miracloth (Calbiochem), transferred into ultracentrifugation tubes, and spun down at 35,000 rpm in an ultracentrifuge for 45 min at 4°C (Beckman Optima, SW41Ti). The membranes were solubilized in 100 mL of solubilization buffer (15 mM MOPS, pH 7.0, 1 mM EDTA, 30% glycerol [v/v] 
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